The mass density and sound-speed contrasts against surrounding seawater (g and h, respectively) of Neocalanus copepods (N. cristatus and N. plumchrus) were measured in 2006 and 2007 to compute the theoretical target strength (TS). The values of g ranged from 0.997 to 1.009 in N. cristatus and from 0.995 to 1.009 in N. plumchrus. There were no correlations between prosome length (PL) and g. The values of h ranged from 1.006 to 1.021 in N. cristatus and from 1.013 to 1.025 in N. plumchrus and varied with changes in temperature. TS was estimated with the theoretical sound scattering model using the values of g and h based on the temperature, salinity, and depth of the location where the specimens were collected. Regressions of the tilt-averaged TS versus PL were obtained at 38, 120, and 200 kHz. The averaged TS of N. cristatus and N. plumchrus at 120 kHz, which is widely used as a high frequency, ranged from -110.0 to -103.1 dB and from -121.4 to -109.7 dB, respectively. There was a positive correlation between frequency and averaged TS: the higher the frequency, the higher the value of averaged TS. The TS at 120 and 38 kHz varied from 14.8 to 16.4 dB in N. cristatus and from 17.9 to 18.7 dB in N. plumchrus, respectively; that at 200 and 120 kHz varied from 2.9 to 5.5 dB in N. cristatus and from 5.3 to 6.5 dB in N. plumchrus, respectively.
Introduction
Copepoda represents one of the most dominant groups of zooplankton communities in the ocean. Of these, Neocalanus species are the most dominant large grazing copepods found in the subarctic Pacific and its marginal seas [1] . In the Oyashio region, N. cristatus and N. plumchrus are important prey for fishes and whales, forming the basis of the energy channel [2, 3] in the surface layer during their growth from spring to summer. Their life cycles are annual or biennial and include a vertical migration down to depths C500 m following their growth in the surface layer during the spring to summer [4, 5] .
A classical approach to studying the vertical distribution of zooplankton is the use of a closing net to collect samples. For more complex studies in which the patch size and abundance in the horizontal plane are to be monitored continuously, electric plankton counters [6] , laser optical plankton counters [7] , and video plankton recorders [8] have been developed and used. The primary aims of these sampling methods are to collect specimens and/or to identify particles. This has lead to the proposal that an acoustic survey with a quantitative echosounder would be an easier approach for carrying out large-scale studies [9] .
In acoustic survey, acoustic backscattering strength is measured and translated into abundance by the target strength (TS) of the individual target. It is therefore necessary to know the TS of the target species. For fishes with a swimbladder filled with gas [10] and those with no swimbladder (e.g., Todarodes pacificus [11] ), in situ or ex situ TS measurements are made with a split or dual beam echosounder [9] . However, theoretical sound scattering models are generally used to obtain the TS of small zooplankton [12] [13] [14] [15] . The mass density contrast g and soundspeed contrast h against surrounding seawater are two of the most important factors needed to compute the TS of fluid like zooplankton. For example, it has been reported that the g and h for euphausiids are different from each species and that the values change seasonally within each species [14] [15] [16] . In copepods, g and h data are limited. Greenlaw and Johnson [17] reported the g and h of N. plumchrus, which was preserved, and Køgeler et al. [16] reported the g and h of Calanus finmarchicus but did not specify the stage of the samples. The sound-speed as well as the body-mass density of copepods is thought to change because the body-mass density of copepods changes according to season and life stage [18] . In terms of an acoustic survey, the TS should be computed with g and h that are appropriate for the season, the location, and the life-cycle stage because changes in g and h values affect the variations in the theoretical TS. In addition, preserved specimens should be avoided, and live specimen should be used for measuring g and h because preserved samples lose their volume or weight, thereby causing errors in the estimation of TS [12, 14, 19] .
In the study reported here, our aims were (1) to measure the mass density contrast g and sound-speed contrast h of live N. cristatus and N. plumchrus and (2) to estimate TS using a theoretical sound scattering model with the value range of g and h.
Materials and methods
Specimens were collected in June 2006 offshore Hiroo, Hokkaido, Japan (42°8.3 0 N, 143°37.7 0 E) using a framed midwater sampling trawl (FMT) with a 2 9 2-m opening (mesh size 8 mm) [20] aboard the R/V Kaiyou Maru No.7 (44°56.9 0 N, 165°54.7 0 E) using a NORPAC net (mouth diameter 45 cm, mesh size 0.35 mm) and an Isaacs-Kidd midwater trawl (mesh size 13 mm) aboard the R/V Kaikou Maru (860 ton) during a cruise of the Japanese Whale Research Program under Special Permit issued within the framework of the Western North Pacific-Phase II (JARPN II) study (Fig. 1) . The net tows were conducted to target a strong scattering layer observed on the echograms. Before or after each net tow at each sampling point, oceanographic observations were conducted with a conductivity-temperature-depth profiler (CTD; model SBE19, Sea-Bird, Bellevue, WA) or with an expendable conductivity temperature depth probe (XCTD; model XCTD-1, Tsurumi-Seiki, Yokohama, Japan) to obtain the temperature and salinity. The following measurements were made with live copepods on board immediately after the nets were reeled in.
Body-mass density was measured using a density-bottle method in which body-mass density is determined by evaluating the buoyancy of each specimen [12, 14, 21] . A series of solutions was prepared in which mixed seawater was mixed with glycerol in steps of 0.002 g/cm 3 . The zooplankton was anesthetized (FA100, 4-allyl-2-methoxyphenol) before measurement, and a specimen was placed in each solution in turn. The density of the specimen was determined as the mean density of the last sinking solution and first floating solution. The measurement methodology followed that of Mikami et al. [17] and Yasuma et al. [21] . The mass density of seawater (q sw ) was calculated as a function of the mean temperature, salinity, and pressure [22] observed at depth range where the net tows were conducted. Density contrast g was given by
where q animal is the mass density of the specimen. After the measurement, each specimen was preserved in individual microtubes containing buffered formalin with seawater (10% v/v). The speed of sound through the animal body was estimated using a time-average approach that is based on the measurement of the time-of-flight method [23] . The measurements of sound-speed were performed using an acrylic 'T-tube' [23] with two transducers mounted at both ends of the horizontal tube. The 5-ls sinus pulse at 400 kHz was transmitted from one of the transducers and received the other. The transmitting time of the pulse between transducers was measured with a digital oscilloscope (2006: model 9314AM; LeCroy, Chestnut Ridge, NY; 2007: model DSO6012A; Agilent Technologies, Santa Clara, CA). We measured the transmitting time of the seawatercopepod mixture (T total ), of only seawater (T sw ), and of the volume fraction of copepod in the mixture (V). These relations are given as
where T animal is the passing time through that part of copepods' body in the T-tube. The sound-speed ratio h is given by
where C sw and C animal are the speed of sound through seawater and body of copepods, respectively. Because C sw is known from T sw , the measurement distance (200 mm), C animal can be obtained. The sound-speed measurements were performed with the T-tube bathed in a temperaturecontrolled tank, in which the temperature was varied by about 0.5°C per 10 min. After each measurement, the copepod's volume V was measured by the volume displaced by submerging the specimens in a graduated cylinder. At the end of the experiment, specimens were preserved in buffered formalin with seawater (10% v/v). The scaled prosome length (PL) of specimens used for measuring the body-mass density and sound-speed was measured under a microscope. The sound scattering from zooplankton was estimated using the distorted wave born approximation (DWBA [24, 25] ) model. A modification of the algorithm of Matlab ver. 6.1.0.450 (MathWorks, Natick, MA) was used to estimate the TS of the deformed cylinder [13] where f bs is the complex backscattering amplitude, the relation to r bs is given by r bs = |f bs | 2 , r pos is the position along the axis of the deformed cylinder, and k is the acoustic wavenumber given by k = 2p/k, where k is the acoustic wavelength. The subscript sw refers to the surrounding seawater, while the subscript animal refers to zooplankton, J 1 is a Bessel function of the first kind of order 1, a c is the cross-section radius of the cylinder, and b tilt is the local angle between the cylinder and incident wave. We digitized and obtained at least 79 sets of r pos and a c from each image of specimens on which the body-mass density or sound-speed was measured. In this study, the swimming angle of copepods was assumed to be random. TS (dB) is defined as TS = 10 log 10 (r bs ), and the averaged TS was defined as the mean TS of each 1°.
Results
Once we had obtained the acoustical parameters of the seawater (i.e. sound-speed and mass density), we measured the temperature and salinity using the CTD or XCTD. The acoustical parameters were calculated from the temperature, salinity, and depth data where the net tows were conducted ( Table 1 ). The specimens collected in 2006 were distributed in layers that were deeper and colder than that those in 2007. The differences in C sw and the mass density of seawater between 2006 and 2007 were negligible.
In 2006 and 2007, both the body-mass densities of N. cristatus and N. plumchrus were measured by the density-bottle method, and then the PL was measured on individual specimens (Table 2) . We calculated the q sw with each parameter listed in Table 1 . All of the specimens were at copepodite stage 5 (C5) [26] . In 2006, the PL of N. cristatus and N. plumchrus ranged from 6.94 to 7.95 mm (mean 7. The sound-speed measurements were conducted by a time-averaged approach using the T-tube. The measurements of the sound-speed through N. cristatus (C cristatus ), N. plumchrus (C plumchrus ), and seawater (C sw ) were made at temperatures ranging from about 1 to 10°C ( Table 3 ). All of the specimens were at C5. In 2006, the PL (mean ± standard deviation, SD) of N. cristatus and N. plumchrus were 7.29 ± 0.27 and 4.01 ± 0.16 mm, respectively; in 2007, these were 6.90 ± 0.26 and 3.96 ± 0.14 mm, respectively. The PL of the specimens varied between species and year (P \ 0.05). The value of C cristatus , C plumchrus , and C sw relatively increased with temperature. In 2006, the sound-speed contrast h of N. cristatus and N. plumchrus ranged from 1.006 to 1.011 and from 1.013 to 1.025, respectively; in 2007, these ranged from 1.014 to 1.021 and from 1.018 to 1.024, respectively. The values of sound-speed contrast h determined for the nearest known temperature where the nets were towed are highlighted in bold in Table 3 .
Approximating to the deformed cylinder, we digitized the shape of N. The relationship between PL and the tilt-averaged TS are shown in Fig. 3 , and the equations of logarithmic regression are shown in Table 4 . The PL range shown in Fig. 3 is as follows: 6.60-7.95 mm, N. cristatus in 2006 (Fig. 3a) ; 3.68-4.61 mm, N. plumchrus in 2006 (Fig. 3b) ; 6.26-7.69 mm, N. cristatus in 2007 (Fig. 3c) ; 3.54-4.26 mm, N. plumchrus in 2007 (Fig. 3d) . The higher the frequency was, the higher the value of averaged TS. The averaged TS values at 38 and 120 kHz (DTS 120-38 = TS 120 -TS 38 ) among the N. cristatus speciments tested ranged from 14.8 to 16.3 dB; those among N. plumchrus ranged from 17.9 to 18.6 dB. The values of DTS 200-120 among all of the N. cristatus and N. plumchrus specimens ranged from 2.9 to 5.5 dB and from 5.3 to 6.5 dB, respectively. C sw , the speed of sound through seawater; q sw , mass density of seawater PL Prosome length, SD standard deviation, g mass density contrast Density contrasts g is calculated from the q sw listed in Table 1 a Number of specimens Table 3 Sound-speed through Neocalanus cristatus, N. plumchrus, and seawater measured by the T-tube 
Discussion
The focus of this study was to estimate the TS of N. cristatus and N. plumchrus. The value of TS was affected by changes in the value of g, h, and the tilt angle of the body at an invariable frequency. In particular, we have discussed the influence of g and h on TS. Averaged TS at 200 kHz with changing g was estimated by h (1.000-1.060 by steps of 0.010) and is shown in Fig. 4 . The same specimens as in Fig. 2 were used. For each h, the averaged TS increased when the value of g increased, and for each g, averaged TS increased when the value of h increased. Areas in Fig. 4 enclosed with a dotted gray line correspond to the range of averaged TS estimated by the whole value range of g and h measured in this study. Sound scattering occurred at the boundary between different elements of the acoustic impedance, but it did not occur when the product of g and h was one, because there was no difference of acoustic impedance between specimens and seawater. Therefore, the values of TS around the enclosed area varied dynamically with changes in g and/or h. The value of the averaged TS indicates that these areas differed by a maximum of about 20 dB in N. cristatus and about 12 dB in N. plumchrus, even if the same digitized shape was used. The TS that differed by 20 dB caused an overestimation (more than 10 2 times) or an underestimation (less than 10 -2 times) in terms of the translation from the acoustic backscattering strength to abundance. Measuring the local g and h and estimating the practical TS with the theoretical model are important for fluid-like zooplankton. However, prior to this study, the g and h values of zooplankton had not been described in the Oyashio region, only those for E. pacifica [14, 15] . If the averaged TS of Neocalanus copepods were to be estimated using the g and h values for E. pacifica instead of their own value, the former (open circles, numbered 3) would be about 15 dB higher than the latter (filled circles, numbered 1 and 2) in Fig. 4 . Estimations of TS using g and h may be used to distinguished E. pacifica values from those of Neocalanus copepods even if they inhabit the same Oyashio region [27] . TS estimated using g and h values for C. finmarchicus (open circles, numbered 4 and 5) and C. hyperboreus (open circles, numbered 6 and 7) [16] were 1-6 dB higher than those of this study. One explanation for this difference may be that different genera have different values of g and h, even if all specimens are live copepod. The TS estimated using g and h values for N. plumchrus (open circles, numbered 8 and 9) preserved in formalin have been reported by Greenlaw and Johnson [17] and are about 10-12 dB higher than those in this study. The body-mass density value differs between live and preserved specimens because the composition and condition of the body changes with emersion in formalin [12, 14, 19] . Live specimens should be used for measurements. Estimating the theoretical TS therefore requires adequate values of g and h derived from live specimens.
Although the swimming angles of Neocalanus copepods were assumed randomly, the differences in TS as a function of tilt angle at 120 and 200 kHz (Fig. 2) were not negligible. Thus, the validity of the hypothesis should be discussed. The values of g were almost one (Table 2) ; in other words, the Neocalanus copepods were neutrally buoyant in the layer where they were distributed. Therefore, they need not swim upward or downward to maintain their position against negative or positive buoyancy. In contrast, E. pacifica swim upward with a mean of 30.4°and a standard deviation of 19.9° [28] because their body-mass density is Table 4 Logarithmic regression of prosome length and target strength of N. cristatus and N. plumchrus given in Fig. 3 higher than that of seawater [15] . Neocalanus copepods are known to carry out little or no dial vertical migration during growth in the surface layer from copepodite stage 1 to stage 5 [4, 5] . As they are plankton, they do not move like fish, so they would not exhibit a constant distribution of swimming angle. Hence, we assumed the swimming angle of Neocalanus copepods to be distributed randomly. However, we did apply three sets of swimming angle distribution (mean ± SD), i.e., -5 ± 10°(head down, like fish [29] ), 0 ± 10°(horizontal position), and 30.4 ± 19.9°( head up, like E. pacifica [28] ), to N. cristatus, whose difference of TS as a function of tilt angle at 200 kHz was the largest (Fig. 2) . The values of averaged TS obtained using these three sets of swimming angles were -94.5 (-5 ± 10°), -94.3 (0 ± 10°), and -98.8 dB (30.4 ± 19.9°) although the averaged TS (random) was -100.1 dB. Consequently, the swimming angle distribution did have an effect on our estimation of TS, thereby emphasizing the need for direct observations to obtain information on the swimming angle in future work. N. cristatus and N. plumchrus are known to migrate from layers near the sea surface to the bathypelagic zone [4, 5] where they are undetectable by echosounders at high frequencies (C120 kHz. Although the acoustic survey of zooplankton required high frequencies, the higher the frequency, the larger the absorption loss of echo intensity, and the detectable distance decreases. Thus, the relationship between the detectable range derived from the signal-tonoise ratio (SNR) [30] and minimum number of N. cristatus and of N. plumchrus per cubic meter need to be discussed. The SNR was expressed by Furusawa et al. [30] as
where S N is the linear variable of SNR [i.e., SNR = 10 log(S N )], q sw is the mass density (kg/m 3 seawater only in Eq. 5), g is electro-acoustic efficiency, W is the maximum electrical power, a t is the radius of transducer, f is the frequency, h is the the angle measured from the beam axis, a is the absorption coefficient, r is the detectable depth that corresponds to distance between the transducer and target species, T S is the product of the number of target species and the linear scale of the averaged TS, N P0 is the noise spectrum extrapolated to 1 Hz, and Df is the bandwidth of the transducer. When the beam axis where the SNR is the largest was restricted, h was substituted as zero. The averaged TS in 2006 shown in Fig. 4 were used. N P0 is an eigenvalue which was assumed to be 145 dB [31] . The parameters used for computing the detectable depth with the echosounder, which was a Simrad model EK60 (Simrad, Horten, Norway) on the R/V Kaiyou Maru No.7, are listed in Table 5 . R/V Kaikou Maru, which was used for the survey in 2007, carried an EK500 echosounder (Simrad) that was not equipped 200-kHz splitbeam transducer. Therefore, we used the EK60 apparatus for estimating the detectable depth (Fig. 5) . The detectable depth increased with increasing frequency. The solid gray vertical line numbered 1 in Fig. 5 is the number of N. cristatus in C5 corresponding to the 2 ind./m 3 reported by Kobari et al. [32] . In this case, the detectable depth was spread to 10 m at 38 kHz, 34 m at 120 kHz, and 52 m at 200 kHz. For Nagasawa et al. [33] (solid gray vertical line, numbered 2), the number of N. cristatus in C5 was 11 ind./ m 3 , and the detectable depth was 15, 50, and 73 m; for Barraclough et al. [34] (gray solid vertical line, numbered 3), the number of N. cristatus in C5 was 93 ind./m 3 , and the detectable depth was 26, 79, and 106 m; for Kobari et al. [32] (solid gray vertical line, numbered 4), the number of N. plumchrus in C5 is 50 ind./m 3 , and the detectable depth was 10, 41, and 67 m; for Kawamura and Hirano [35] (solid gray vertical line, numbered 5), the number of N. plumchrus in C5 was 745 ind./m 3 , and the detectable depth was 20, 7, and 108 m, respectively. N. cristatus and N. plumchrus are distributed patchily on a horizontal plane near the sea surface during the foraging period. Areas inside and outside of these patches show remarkable differences in abundance [34, 35] . If we assume that the size of patches was smaller than the resolution of the net tow, the number of copepods per cubic meter obtained from the net tow was smaller than that in the patches because the number of copepods caught with net was divided by the volume filtered by net towing, regardless of the presence of the patches. This may be one of the reasons why the values reported by Nagasawa et al. [33] and Kobari et al. [32] are smaller than those reported by Barraclough et al. [34] and Kawamura and Hirano [33] . The former estimated the abundance of copepods by vertical net tow, while the latter used a Longhurst-Hardy plankton recorder [6] or horizontal towing of the net. Figure 6 shows the difference between detectable depth calculated by the maximum and the minimum TS at 200 kHz where area enclosed by the dotted gray line in Fig. 4 . In N. cristatus, there was a 83-m difference between the detectable depth calculated from the maximum TS, which indicated 131 m, and the minimum TS, which indicated 47 m. In N. plumchrus, there was 56-m difference between the maximum TS, which indicated 123 m, and the minimum TS, which indicated 67 m. The difference between detectable depths could not be neglected in the calculations using typical TS and minimum TS or maximum TS. Therefore, an acoustical survey is needed to determine the adequate TS of the target species inhabiting the survey area.
As a result, the EK60 echosounder was able to detect the patches of N. cristatus and of N. plumchrus within 79 and 73 m at 120 kHz, and between 106 and 108 m at 200 kHz. N. cristatus and N. plumchrus are distributed near the sea surface during the foraging period and during our study, if their patches were distributed at depths of less than 106 m, they could be detected at 200 kHz with an echosounder attached to the bottom of the ship. Moreover, N. cristatus and N. plumchrus can be identified using the two-frequency method [38] within 73 m from the transducer, except in an acoustical dead zone near the sea surface. However, the detectable depth varies according to the TS of target species, components in the patches (e.g., other copepodite stages except C5, other zooplankton), noise level, and marine environments.
The value of g and h influenced the TS of copepods remarkably, much as it does other fluid-like zooplankton. The local values of g and h should be measured for theoretical TS estimation, which is the scale factor of acoustic surveys, because the values of g and h do vary according to species and life stage. In addition, in evaluating the abundance of weak sound-scattering organisms, such as copepods, we should consider the detectable depth derived from the SNR of the echosounder. In this study, the detectable depth was restricted to the beam axis. Knowledge of the number of copepods that can be detected in the entire acoustical beam of an echosounder will be required in future studies.
